I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Liver is the largest metabolizing organ in the body which regulates homeostasis of different body systems. The main important functions of the liver include protein synthesis, storage, and metabolism of fats and carbohydrates, detoxification of drugs and other toxins, excretion of bilirubin and metabolism of hormones.\[[@ref1]\]

Fatty liver refers to a large spectrum of diseases characterized by excessive fat accumulation in the liver which could be alcoholic or nonalcoholic fatty liver disease (NAFLD). The latter is clinically important because it affects about 25% of the population with widespread pathological changes in the liver that ranges from simple steatosis to steatohepatitis which can progress to cirrhosis, hepatocellular carcinoma and even liver failure with increased hepatic-related mortality.\[[@ref2]\] The increased hepatocellular lipids are correlated to central obesity, insulin resistance, dyslipidemia, and impaired glucose tolerance. The prevalence of NAFLD has reached epidemic proportions in recent years in parallel with the increasing prevalence of obesity. NAFLD is an early warning sign of future risk for Type 2 diabetes and cardiovascular disease.\[[@ref3]\]

Herbs have been used by human being throughout the history from ancient primitive to modern time. Now herbs are one of the integral sources for the development of modern therapy.\[[@ref4]\] *Punica granatum* or pomegranate is an edible fruit cultivated in Mediterranean countries, Asian countries, and some parts of the United States. It has been extensively used as a folk medicine by many cultures. It is a rich source of two types of polyphenolic compounds, anthocyanins, and hydrolyzable tannins which account for 92% of the antioxidant activity of the whole fruit. It has many biological activities such as anticarcinogenic, antibacterial, antidiarrheal, antifungal, anti-nephrolithiasis, antigastric ulceration, antiatherogenic, and chondroprotective effects. In addition, it could modify the risk of hypercholesterolemia and has photoprotective properties on the skin.\[[@ref5]\]

This research was carried out to study the histological changes of experimentally induced fatty liver of adult male albino rat and to evaluate the effect of pomegranate in alleviating these changes.

M[ATERIALS AND]{.smallcaps} M[ETHODS]{.smallcaps} {#sec1-2}
=================================================

Animals {#sec2-1}
-------

The present study was carried out on fifty adult male albino rats, weighing about 150--180 g each. They were housed in clean properly ventilated cages under similar conditions and had free access to rat standard laboratory diet and water throughout the experiment. The composition of the standard diet used in this study included 23.5% protein, 48.8% carbohydrate, 5% lipid, 12% water, 5% ash, 5% cellulose, and a 0.7% mixture of vitamins and minerals. The diet was designed at Tanta Company for oils and soap, Gharbia, Egypt. The animals were acclimatized to their environment at least 2 weeks before starting the experiment. All animals received human care in compliance with the guidelines of the Animal Care and Use Committee of National Research Center, Egypt. The experiment was approved by the Local Ethics Committee of Faculty of Medicine, Tanta University (Egypt).

Preparation of pomegranate juice {#sec2-2}
--------------------------------

The fresh pomegranate fruits, free of blemishes, or obvious defects were washed and stored at 4°C until use. The fruits were manually peeled, without separating the seeds. Pomegranate juice was obtained by squeezing using a commercial blender (Braun blender, Germany) and was filtered to remove the residue. The juice was used within 1 h after squeezing and filtration.\[[@ref6]\]

Preparation of high-fat diet {#sec2-3}
----------------------------

High-fat diet was prepared by adding 20% animal (lamp) fat +1% cholesterol to the standard diet.\[[@ref7]\] Cholesterol was purchased from Sigma Company, Egypt which is in the form of white powder in plastic bottles each containing 100 g. The high-fat diet was prepared every 2 days, kept at 4°C until used and left at the room temperature 1 h before use.

Experimental design {#sec2-4}
-------------------

Following acclimatization, rats were randomly divided into four main groups:

Group I (Control group): Included ten rats that were maintained on the standard diet for 6 weeksGroup II (Pomegranate-treated group) included ten rats that were maintained on the standard diet and were given pomegranate juice orally by gastric tube at a dose of 20 ml/kg body weight daily for 6 weeks\[[@ref8]\]Group III (Fatty liver induced group) included ten rats that were fed on high-fat diet for 6 weeksGroup IV (Protective group) included twenty rats that were subdivided into two equal subgroups; ten rats each. Subgroup IV a: rats were fed on high-fat diet at the same composition and duration as in Group III concomitantly with pomegranate juice at the same dose and route as in Group II. Subgroup IV b: rats were maintained on the standard diet and given pomegranate juice for 6 weeks as in Group II then stopped and the rats were shifted from standard diet to high-fat diet as in Group III for another 6 weeks.

At the end of the experimental period, all rats were fasted overnight then anesthetized with ethyl ether.\[[@ref9]\] Blood samples were immediately collected from the retro-orbital plexus with capillary tubes into clean dried centrifuge tubes. The tubes were then centrifuged at 3000 rpm for 15 min. Clear serum samples were carefully separated using Pasteur pipettes and frozen at −20°C until biochemical analysis.\[[@ref10]\] Serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), and serum triglycerides (TGs) were measured with commercially available kits that were obtained from Biodiagnostic, Egypt.

Livers of the experimental animals were removed by careful dissection, washed with cold saline solution and dried between two filter papers then photographed for gross observation. The upper parts of the right lobes were taken and then divided into two parts, 0.5 cm^3^ each. One part was fixed in 10% formal saline solution for preparation of paraffin blocks and other part was cut into very small pieces and fixed in 2.5% phosphate-buffered glutaraldehyde for electron microscopic study.

Preparation of paraffin sections for light microscopic study {#sec2-5}
------------------------------------------------------------

A piece of the right lobe of liver of each animal was taken and immediately fixed in 10% formal saline solution for 24 h. Dehydration was then carried out in ascending grades of alcohol followed by clearing with xylol. Impregnation was done in pure soft paraffin for 2 h at 50°C followed by embedding in hard paraffin. Sections of 3--5 microns in thickness from each block were cut by the microtome, then stained with hematoxylin and eosin stain to study the general histological structure\[[@ref11]\] and Mallory\'s trichrome stain to demonstrate the collagen fibers.\[[@ref12]\]

Some paraffin sections were stained using the avidin-biotin immunohistochemical technique for detection of glial fibrillary acidic protein (GFAP) within hepatic stellate cells. Universal kits for GFAP manufactured by Biogen Inc. (Cambridge, Massachusetts, USA) were obtained from Dako Company (Egypt). Sections were deparaffinized, rehydrated, and rinsed in tap water, embedded in 3% hydrogen peroxide for 10 min then immersed in antigen retrieval solution. Nonspecific protein binding was blocked using blocking solution (phosphate-buffered solution \[PBS\] plus 10% normal goat serum). Sections were incubated for 2 h with the diluted primary antibody using PBS at different dilutions (1/500, 1/200, and 1/100) for biotinylated monoclonal mouse antibody for GFAP. Drops of streptavidin-peroxidase were added for 20 min then washed with PBS for 5 min. Diaminobenzidine was added to as chromogen and Mayer\'s hematoxylin was used as a counterstain. For negative control, the primary antibody was replaced by PBS.\[[@ref13]\]

Preparation of semithin and ultrathin sections for electron microscopic study {#sec2-6}
-----------------------------------------------------------------------------

Liver specimens were divided by a sharp razor blade into small pieces of 1 mm^3^ in size and were immediately fixed in 2.5% phosphate-buffered glutaraldehyde, after two to three rinses in the buffer they were post fixed in freshly prepared 1% phosphate buffer osmium tetroxide at 4°C for 1 h, then dehydrated in ascending grades of ethanol. After immersion in propylene oxide, the specimens were embedded in epoxy resin mixture. Semithin sections (1 mm thick) were stained with 1% toluidine blue and examined by light microscope for proper orientation while ultrathin sections (80--90 nm (were stained with uranyl acetate and lead citrate\[[@ref14]\] to be examined by JEOL-JEM-100 transmission electron microscope) Tokyo, Japan) at the Electron Microscopic Unit, Faculty of Medicine, Tanta University.

Morphometric study and statistical analysis {#sec2-7}
-------------------------------------------

Collagen fibers' area% and GFAP +ve cell count in all groups were measured in image analysis system (Leica Qwin V3 program \[Leica Microsystems\] Switzerland. LTD) in Research Central Laboratory, Faculty of Medicine, Tanta, Egypt. All data (collagen fibers area%, GFAP +ve cell count, TC, TGs, and HDL-c) for all groups were expressed as mean ± standard deviation (SD) statistical analyses were carried out using SPSS software (SPSS Science, version 11.0.1, Chicago, Illinois, USA). The *post hoc* test was used to compare between groups. All data were expressed as means ± SD, *P* ≤ 0.05, and 0.001 were considered significant and highly significant, respectively.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

No deaths were recorded in animals of all groups.

Macroscopic results {#sec2-8}
-------------------

Macroscopic examination of the livers from the control group and pomegranate received group showed normal red, smooth, and shiny appearance \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\]. On the contrary, livers obtained from fatty liver-induced group appeared enlarged, yellowish, and extensively infiltrated with yellow spots \[[Figure 1c](#F1){ref-type="fig"}\], while livers obtained from protective group (subgroup IVa and subgroup IVb) showed red-brownish livers with smooth surfaces like that of the control group \[Figure [1d](#F1){ref-type="fig"} and [e](#F1){ref-type="fig"}\].

![Gross macroscopic picture of the livers from the control group (a) and pomegranate-received group (b), both show reddish, smooth, and shiny liver surfaces. Apparent enlargement with yellowish spotty appearance is noticed in fatty liver-induced group (c). Livers from protective group either subgroup IV a (d) or subgroup IV b (e) are reddish brown with smooth surfaces](JMAU-6-44-g001){#F1}

Light microscopic results {#sec2-9}
-------------------------

### Hematoxylin and eosin stain {#sec3-1}

Group I (control group)

Examination of sections obtained from livers of the control group showed normal histological structure. The liver was formed of classic hepatic lobules which were roughly hexagonal in shape with central veins forming their central axis. At their angles, there were portal areas containing connective tissue stroma and portal triads. The latter consisted of a terminal branch of the hepatic artery and a small branch of the portal vein as well as a bile ductile \[Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}\]. Each classic hepatic lobule was formed of hepatocytes arranged in anatomizing cords, radiating from the center toward the periphery \[[Figure 2c](#F2){ref-type="fig"}\]. The hepatocytes were polygonal in shape-containing rounded vesicular nuclei with dispersed chromatin and prominent nucleoli and others were binucleated. The cytoplasm of hepatocytes appeared acidophilic with scattered fine basophilic granules. Blood sinusoids were found as a network between the plates of hepatocytes converging toward the central vein. They were lined by two types of cells, the endothelial, and Kupffer cells. The endothelial cells appeared flattened forming discontinuous layer with darkly stained flat nuclei and Kupffer cells appeared scattered among the endothelial cells with large, rounded nuclei \[[Figure 2d](#F2){ref-type="fig"}\].

![Photomicrographs of liver sections of control group showing: (a) Normal liver architecture. (b) A classic hepatic lobule-containing central vein (c) and radiating cords of hepatocytes with blood sinusoids (s) in between. (c) Portal tract at the periphery of a classic hepatic lobule revealing a portal venule (v), a hepatic arteriole (arrow) and a bile ductule (b). (d) Polyhedral hepatocytes with large, rounded vesicular nuclei (arrow) and prominent nucleoli, some binucleated cells are also present (waved arrow), blood sinusoids (s) are present in between the cords of hepatocytes and are lined by flattened endothelial cells (arrowhead) and Kupffer cells (curved arrow) (a: H and E, ×100, b and c: H and E, ×400, d: H and E, ×1000)](JMAU-6-44-g002){#F2}

Group II (pomegranate received group)

Examination of livers sections obtained from animals received pomegranate juice for 6 weeks were similar to the control group and showed the normal histological structure of the liver.

Group III (fatty liver-induced group)

Examination of livers sections obtained from this group revealed several histological changes in the form of disturbed hepatic architecture \[[Figure 3a](#F3){ref-type="fig"}\], marked dilatation of central veins \[[Figure 3b](#F3){ref-type="fig"}\] dilatation and congestion of portal veins \[[Figure 3c](#F3){ref-type="fig"}\] and blood sinusoids \[[Figure 3d](#F3){ref-type="fig"}\]. In addition to cellular infiltrations that can be seen around central veins \[[Figure 4a](#F4){ref-type="fig"}\], around and in between the components of portal tract \[Figure [4b](#F4){ref-type="fig"} and [c](#F4){ref-type="fig"}\] and even between the hepatocytes \[[Figure 4d](#F4){ref-type="fig"}\] as well as proliferation of bile ductules \[[Figure 4c](#F4){ref-type="fig"}\]. Most of the hepatocytes showed variable degrees of cytoplasmic vacuolations \[Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}\], some contained multiple small vacuoles \[[Figure 5a](#F5){ref-type="fig"}\], some showed one large vacuole \[[Figure 5b](#F5){ref-type="fig"}\], the others appeared ballooned with peripheral nuclei \[[Figure 5c](#F5){ref-type="fig"}\]. In addition, some nuclear changes were observed like darkly stained (pyknotic) nuclei, fragmented nuclei (karyorrhexis), and lysed nuclei (karyolysis) \[[Figure 5c](#F5){ref-type="fig"}\] hepatocytes with nuclear vacuolations (glycogenated nuclei) were also observed \[[Figure 5d](#F5){ref-type="fig"}\]. Multiple small cells with ovoid nuclei (most probably hepatic stem cells \[HSCs\]) and arranged in rows were seen in between the hepatocytes \[[Figure 5b](#F5){ref-type="fig"}\].

![Photomicrographs of liver sections of Group III showing: (a) Disturbed liver architecture. (b) Apparently dilated central vein (C). (c) Apparently dilated and congested portal vein (V). (d) Apparently dilated and congested blood sinusoids (S). Notice vacuolation of most of hepatocytes (a: H and E, ×100, b and c: H and E, ×400, d: H and E, ×1000)](JMAU-6-44-g003){#F3}

![Photomicrographs of liver sections of Group III showing cellular infiltrations (arrowhead). (a) Infiltrations around and in between central veins (C). (b and c) Infiltrations around and in between the components of portal tract (P) with proliferation of bile ductules (arrow). (d) Infiltrations between the hepatocytes. Notice most of the hepatocytes are vacuolated (a and c: H and E, ×400, b: H and E, ×200, d: H and E, ×1000)](JMAU-6-44-g004){#F4}

![Photomicrograph of liver sections of Group III showing hepatocytes with variable cytoplasmic vacuolation. (a) Multiple small vacuoles (arrow) (b) large coalesced vacuoles (arrow) and multiple small cells with ovoid nuclei arranged in rows in between the hepatocytes (arrowheads). (c). Ballooned hepatocytes containing one large vacuole (arrow), some hepatocytes with darkly stained nuclei (biffed arrow), fragmented nuclei (curved arrow), and lysed nuclei (waved arrow). (d) Some hepatocytes with vacuolated nuclei (arrow) (H and E, ×1000)](JMAU-6-44-g005){#F5}

Group IV (protective group)

Examination of livers sections obtained from both subgroups (subgroup IV a and subgroup IV b) revealed results like each other in the form of mild congestion of the central veins \[[Figure 6a](#F6){ref-type="fig"}\], mild congestion, and dilatation of portal veins \[[Figure 6b](#F6){ref-type="fig"}\] and blood sinusoids \[Figure [6c](#F6){ref-type="fig"} and [d](#F6){ref-type="fig"}\] with few cellular infiltrations around the components of portal tracts \[[Figure 6b](#F6){ref-type="fig"}\]. Most of the hepatocytes showed restoration of their cytoplasm, while few cells still showed some cytoplasmic vacuoles \[Figure [6c](#F6){ref-type="fig"} and [d](#F6){ref-type="fig"}\].

![Photomicrographs of liver sections of Group IV showing apparently mild dilatation and congestion of central vein (C), portal vein (V) blood sinusoids (S) with mild cellular infiltrations (arrow) around components of a portal tract. Most of hepatocytes appear normal (double arrow) and few cells containing some cytoplasmic vacuoles (arrowhead) (H and E, \[a and b\] × 400 \[c and d\] × 1000)](JMAU-6-44-g006){#F6}

### Mallory\'s trichrome stain {#sec3-2}

Examination of Mallory\'s trichrome-stained sections of both control rats and rats received pomegranate only showed fine collagen fibers around central veins and portal tracts forming a common sheath \[Figure [7a](#F7){ref-type="fig"} and [b](#F7){ref-type="fig"}\], while sections obtained from fatty liver-induced group revealed increased amount of collagen fibers around central veins and blood sinusoids \[Figure [7c](#F7){ref-type="fig"} and [d](#F7){ref-type="fig"}\]. In addition, great amount of collagen fibers was detected around and in between portal tracts and in between the cords of hepatocytes \[Figure [7e](#F7){ref-type="fig"} and [f](#F7){ref-type="fig"}\]. On the other hand, livers sections obtained from animals of both subgroups of the protective group revealed few collagen fibers around central veins and portal tracts \[Figure [7g](#F7){ref-type="fig"} and [h](#F7){ref-type="fig"}\].

![Photomicrographs of liver sections showing collagen fibers (arrow) around the central vein (C) and the components of a portal tract (P). (a and b) showing fine collagen in control group. (c-f) Apparent increase in the amount of collagen fibers around dilated central veins, components of a portal tract, dilated congested blood sinusoids (S), and extending in-between the lobules (double arrow) as well as between the cords of hepatocytes (arrowhead). (g and h) Showing fine collagen fibers (arrow) around the central vein and portal tract in protective group (Mallory\'s trichrome a-h: ×400, f: ×200)](JMAU-6-44-g007){#F7}

### Glial fibrillary acidic protein immunohistochemical stain {#sec3-3}

Examination of GFAP immunohistochemical-stained sections of both control group and pomegranate received group revealed GFAP positive cells in between the hepatocytes \[[Figure 8a](#F8){ref-type="fig"}\]. Examination of GFAP immunohistochemical-stained sections obtained from fatty liver-induced group revealed apparent increase in number of GFAP-positive cells \[[Figure 8b](#F8){ref-type="fig"}\], while in both subgroups of the protective group apparent decrease in number of GFAP positive cells were observed \[[Figure 8c](#F8){ref-type="fig"}\].

![Photomicrographs of glial fibrillary acidic protein immunohistochemical-stained liver sections showing (a) glial fibrillary acidic protein-positive cells inbetween the hepatocytes. (b) Apparent increase in number of glial fibrillary acidic protein-positive cells in sections obtained from fatty liver-induced group. (c) Protective group showing apparent decrease in number of glial fibrillary acidic protein-positive cells (glial fibrillary acidic protein immune-reaction, ×400)](JMAU-6-44-g008){#F8}

Electron microscopic results {#sec2-10}
----------------------------

### Group I (control group) {#sec3-4}

Examination of ultrathin sections of the livers obtained from control rats revealed the normal electron microscopic picture of the liver. The hepatocytes were polyhedral in shape containing large, rounded euchromatic nuclei with prominent nucleoli. The cytoplasm of the hepatocytes contains abundant cell organelles, mainly mitochondria which appeared rounded or oval, slightly variable in size and distributed throughout the cytoplasm in association with endoplasmic reticulum, secondary lysosomes, and glycogen that appeared as electron dense particles dispersed as single minute granules \[Figure [9a](#F9){ref-type="fig"} and [b](#F9){ref-type="fig"}\]. HSCs with their characteristic nuclei and lipid droplets in their cytoplasm were observed in the spaces of Disse between hepatocytes and blood sinusoids \[[Figure 9c](#F9){ref-type="fig"}\]. Kupffer cells with indented nuclei and multiple dense bodies were seen lining the blood sinusoids \[[Figure 9d](#F9){ref-type="fig"}\].

![Electron micrographs of liver ultrathin sections of control group showing (a) Polyhedral-shaped hepatocyte-containing large rounded nucleus (N) with extended chromatin and prominent nucleolus. (b) The cytoplasm-containing abundant mitochondria (M), rER (R), glycogen granules (G), and multiple peroxisomes (arrowhead). (c) Space of Disse between hepatocytes (H) and blood sinusoids (S) containing HSCs cell (arrow) with multiple lipid with droplets (L). (d) Kupffer cell (double arrow) appears as irregular shaped cell with indented nucleus and multiple cytoplasmic dense bodies](JMAU-6-44-g009){#F9}

### Group II (pomegranate-treated group) {#sec3-5}

Examination of ultrathin sections of livers obtained from animals received pomegranate juice for 6 weeks showed the normal electron microscopic picture of the liver as that of the control group.

### Group III (fatty liver-induced group) {#sec3-6}

Examination of ultrathin sections of livers obtained from animals of this group revealed multiple ultrastructural changes in the form of many lipid droplets with variable size and shape within the cytoplasm of the hepatocytes \[[Figure 10](#F10){ref-type="fig"}\] with dilatation of rER \[Figure [10a](#F10){ref-type="fig"} and [b](#F10){ref-type="fig"}\], rarefaction of cytoplasm, and structural changes of mitochondria in the form of enlargement and destruction with complete or partial loss of their cristae \[[Figure 10c](#F10){ref-type="fig"}\]. Nuclei of most hepatocytes showed, condensed chromatin, irregularity, indentation \[[Figure 10b](#F10){ref-type="fig"}\], and widening of the perinuclear space \[[Figure 10a](#F10){ref-type="fig"}\]. Many Ito cells \[Figure [10d](#F10){ref-type="fig"} and [e](#F10){ref-type="fig"}\], bundles of collagen fibers \[[Figure 10e](#F10){ref-type="fig"}\], and inflammatory cells \[[Figure 10f](#F10){ref-type="fig"}\] were seen between hepatocytes.

![Electron micrographs of liver ultrathin section of Group III showing many lipid droplets with variable size and shape (L) within the cytoplasm of the hepatocytes. (a and b) dilatation of rER (R).(c) Rarefaction of cytoplasm (\*) and degenerative changes of mitochondria (M). (a and b) Nuclei of many hepatocytes showing condensed chromatin (N), irregularity, indentation (arrowhead) with widening of the perinuclear space (biffed arrow). (d and e) Many HSCs (arrow), bundles of collagen fibers (C). (f) Inflammatory cells (double arrow) present between the hepatocytes](JMAU-6-44-g010){#F10}

### Group IV (protective group) {#sec3-7}

Examination of ultrathin sections of livers obtained from animals of both subgroups showed preservation of the normal ultrastructure in most of the animals \[Figure [11a](#F11){ref-type="fig"} and [b](#F11){ref-type="fig"}\], except for the presence of many lipid droplets \[Figure [11c](#F11){ref-type="fig"} and [d](#F11){ref-type="fig"}\], rarified cytoplasm of \[[Figure 11d](#F11){ref-type="fig"}\], and condensation of chromatin few hepatocytes \[[Figure 11f](#F11){ref-type="fig"}\]. Bundles of collagen fibrils were observed in between few hepatocytes \[[Figure 11f](#F11){ref-type="fig"}\].

![Electron micrographs of liver ultrathin section of Group IV showing (a) Multiple hepatocytes some of them are binucleated with prominent nucleolus (Nu), (b) Preserved ultrastructural picture including mitochondria (M) and rough endoplasmic reticulum (R). (c) Others showing many lipid droplets (L). (d) Rarefied cytoplasm (\*). (e) Nuclei with condensed chromatin (N) and (f) Bundles of collagen fibers (arrow) in between the hepatocytes](JMAU-6-44-g011){#F11}

Morphometric results and statistical analysis {#sec2-11}
---------------------------------------------

### I-Area % of collagen fibers {#sec3-8}

As assessed by image analyzer, pomegranate-received group, revealed a nonsignificant change in the mean area % of collagen fibers as compared to control group. The fatty liver-induced group showed a statistically significant increase in the mean area % as compared to control group. Concerning the protective group, it was found that there was a nonsignificant change in the mean area percentage as compared to control group and showed significant decrease as compared to fatty liver induced group, \[[Table 1](#T1){ref-type="table"} and [Histogram 1](#F12){ref-type="fig"}\].

###### 

Comparison between the different groups as regard mean±SD of the area % of collagen fibers.

  Area % of Collagen Fibers   Control I   Pomegranate II   Fatty liver induced group III   Protective IVa   Protective IVb
  --------------------------- ----------- ---------------- ------------------------------- ---------------- ----------------
  Mean±SD                     3.59±1.56   3.89±1.69        7.13±2.15                       4.03±1.77        4.21±1.80
  *F* value                   3.868                                                                         
  *P* value                   0.014\*                                                                       
  I & II                      I & III     I & IVa          I & IVb                         III & IVa        III & IVb
  0.781                       0.002\*     0.677            0.558                           0.006\*          0.010\*

![Comparison between the different groups as regard mean ± standard deviation of the area % of collagen fibers. \**P* ≤ 0.05 was considered statistically significant](JMAU-6-44-g012){#F12}

II-Number of glial fibrillary acidic protein +ve cells {#sec2-12}
------------------------------------------------------

As assessed by image analyzer, pomegranate-received group revealed a nonsignificant change in the number of GFAP +ve cells as compared to control group. The fatty liver-induced group showed a statistically significant increase in the number of GFAP +ve cells as compared to control group. There were nonsignificant change in the number of GFAP +ve cells of both protective groups (subgroup IVa and subgroup IVb) as compared to control group, while these groups showed a significant decrease as compared to fatty liver-induced group, \[[Table 2](#T2){ref-type="table"} and [Histogram 2](#F13){ref-type="fig"}\].

###### 

Comparison between the different groups as regard mean±SD of the number of GFAP+ve cells. \**P*≤0.05 was considered significant.

  GFAP+ve cell number   Control I    Pomegranate II   Fatty liver induced group III   Protective IVa   Protective IVb
  --------------------- ------------ ---------------- ------------------------------- ---------------- ----------------
  Mean±SD               90.83±3.92   92.83±2.86       132.67±8.12                     98.83±7.17       100.33±6.38
  *F* value             47.783                                                                         
  *P* value             0.001\*                                                                        
  I & II                I & III      I & IVa          I & IVb                         III & IVa        III & IVb
  0.570                 0.001\*      0.074            0.062                           0.001\*          0.001\*

![Comparison between the different groups as regard mean ± standard deviation of the number of glial fibrillary acidic protein +ve cells](JMAU-6-44-g013){#F13}

III-Lipid profile {#sec2-13}
-----------------

Results of biochemical analysis showed that pomegranate-received group revealed a nonsignificant change in the levels of TC, TGs, and HDL-c as compared to the control group. The fatty liver-induced group (Group III) showed a statistically significant increase in the levels of TC and TGs and a significant decrease in the level of HDL-c as compared to control group. Concerning the protective group, it was found that there was nonsignificant change in the levels of TC, TGs and HDL-c as compared to the control group and showed significant decrease in the levels of TC and TGs and a significant increase in the level of HDL-c as compared to fatty liver-induced group, \[Tables [3](#T3){ref-type="table"}--[5](#T5){ref-type="table"} and Histograms [3](#F14){ref-type="fig"}--[5](#F16){ref-type="fig"}\].

###### 

Comparison between the different groups as regard mean±SD of the total cholesterol level. \**P*≤0.05 was considered significant.

  Total cholesterol   Control I    Pomegranate II   Fatty liver induced group III   Protective IVa   Protective IVb
  ------------------- ------------ ---------------- ------------------------------- ---------------- ----------------
  Mean±SD             78.86±9.19   85.0±7.44        162.43±11.31                    90.86±8.09       89.29±8.04
  *F* value           104.687                                                                        
  *P* value           0.001\*                                                                        
  I & II              I & III      I & IVa          I & IVb                         III & IVa        III & IVb
  0.207               0.001\*      0.077            0.082                           0.001\*          0.001\*

###### 

Comparison between groups as regard mean±SD of the triglycerides level. \**P*≤0.05 was considered significant

  Triglycerides   Control I     Pomegranate II   Fatty liver induced group III   Protective IVa   Protective IVb
  --------------- ------------- ---------------- ------------------------------- ---------------- ----------------
  Mean±SD         81.71±16.85   82.0±14.83       140.43±18.03                    86.0±13.81       87.29±12.31
  *F* value       19.042                                                                          
  *P* value       0.001\*                                                                         
  I & II          I & III       I & IVa          I & IVb                         III & IVa        III & IVb
  0.972           0.001\*       0.604            0.501                           0.001\*          0.001\*

###### 

Comparison between the different groups as regard mean±SD of the HDL-c level. \**P*≤0.05 was considered significant.

  HDL -- c    Control I    Pomegranate II   Fatty liver induced group III   Protective IVa   Protective IVb
  ----------- ------------ ---------------- ------------------------------- ---------------- ----------------
  Mean±SD     46.14±6.47   46.43±6.08       31.43±4.99                      43.57±5.99       46.43±5.29
  *F* value   8.739                                                                          
  *P* value   0.001\*                                                                        
  I & II      I & III      I & IVa          I & IVb                         III & IVa        III & IVb
  0.927       0.001\*      0.413            0.927                           0.001\*          0.001\*

![Comparison between the different groups as regard mean ± Standard deviation of the total cholesterol level](JMAU-6-44-g014){#F14}

![Comparison between the different groups as regard mean ± Standard deviation of the triglycerides level](JMAU-6-44-g015){#F15}

![Comparison between the different groups as regard mean ± standard deviation of the high-density lipoprotein cholesterol level](JMAU-6-44-g016){#F16}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

NAFLD is a major health problem and considered as the most common worldwide liver disease. Pomegranate is one of the oldest edible fruits and is extensively cultivated in the Mediterranean area. It has antimicrobial, antiparasitic, antiviral, and anticancer effects. It was proved that it lowers blood sugar,\[[@ref15]\] inhibits low-density lipoprotein oxidation,\[[@ref16]\] and atheromatous plaque formation.\[[@ref17]\] The present study aimed to investigate the protective role of pomegranate against experimentally induced fatty liver in adult male albino rats.

The pathogenesis of NAFLD and nonalcoholic steatohepatitis (NASH) is not fully understood. It was explained as prolonged overnutrition that leads to accumulation of free fatty acids and TGs within the liver (steatosis) and progression of NAFLD to NASH that is associated with other factors such as oxidant stress, mitochondrial injury, fatty acids lipotoxicity, innate immunity, and inflammatory cytokines. Steatosis is a characteristic histological feature of NAFLD results from increased fatty acid influx or impaired fatty acid utilization in the hepatocytes.\[[@ref18]\]

Livers obtained from fatty liver-induced group in this research showed yellowish, enlarged livers that were extensively infiltrated with yellow spots on macroscopic examination. These yellow spots may be due to deposition of fat inside hepatic cells, this can be attributed to sinusoidal dilatation, microvesicular steatosis, or fibrosis resulting from an increase in connective tissue following hepatocellular necrosis.\[[@ref19]\]

Disturbed hepatic architecture of the liver which observed in this study was explained as a result of oxidative damage in hepatocellular proteins or necrotic changes in hepatocytes that lead to irregularity in the orientation of the hepatocyte plates and disturbing hepatic architecture.\[[@ref20]\] Dilatation of central veins, blood sinusoids, and portal veins were attributed to inflammatory changes or ischemia and hypoxia following high-fat diet.\[[@ref21]\] The dilatation also might be due to developing hypertension after obesity induced by high-fat diet.\[[@ref22]\]

Cellular infiltrations around and between central veins, portal tracts, and even between hepatocytes confirm data obtained by the previous study.\[[@ref23]\] Moreover, the presence of lobular or acinar infiltration with lymphocytes and neutrophils was observed by other investigators,\[[@ref24]\] they considered this results as one of the diagnostic features of steatohepatitis. It was reported that the adipocytes in fatty liver are considered as active cells that secrete multiple immune modulator factors in the form of pro-inflammatory cytokines, interleukin-6 and tumor necrotic factor-α with reactive oxygen species (ROS), all these factors contribute to the chronic inflammatory condition and the hepatocytes injury. In addition, inflammatory infiltration can be explained as in severe fatty liver disease; simple steatosis may progress to fibrosing steatohepatitis with initiation of capillarization of the sinusoids. The latter is characterized structurally by a progressive loss of fenestrae in the sinusoidal endothelial cells, concomitant with development of a basal lamina, and deposition of collagen in the space of Disse. This may be accompanying adhesion of leukocytes to the sinusoidal endothelium, followed by leukocyte infiltration into the hepatic parenchyma to form inflammatory foci.\[[@ref25]\]

Ductular proliferation at the portal tract has been correlated with insulin resistance, impaired hepatocellular replication, and advanced stages of fibrosis, indicating progressive fibrosis.\[[@ref26]\] It was proved recently the evidence of epithelial-to-mesenchymal transition of ductular epithelial cells through activation of the hedgehog pathway in which mature epithelial cells differentiate into cells with a mesenchymal phenotype and function in NAFLD.\[[@ref27]\]

Vacuolation of hepatocytes was described as microvesicular and macrovesicular steatosis.\[[@ref28]\] Macrovesicular steatosis is explained as abnormalities in the delivery, metabolism, synthesis, and export of lipids. However, microvesicular steatosis which is the hallmark of liver diseases is associated with defective beta-oxidation of fatty acids including mitochondrial cytopathies.\[[@ref29]\] Furthermore, cytoplasmic vacuolation was attributed to lipid peroxidation because of oxidative stress that damage cell membrane as well as membranes of cell organelles leading to increase in their permeability and disturbance of the ions concentrations in the cytoplasm and cell organelles.\[[@ref30][@ref31]\] Ballooned hepatocytes can be attributed to microtubular disruption and severe cell injury.\[[@ref29]\] While rarefaction of the cytoplasm may be due to proliferation of smooth endoplasmic reticulum and glycogen accumulation.\[[@ref32]\] Mitochondrial abnormalities that were observed in the present study coincided with the previous results and attributed to decreased intramitochondrial protein synthesis, respiratory chain dysfunction, and increase of cytosolic calcium caused by oxidative stress.\[[@ref32]\] Enlarged mitochondria was represented as an adaptive process to oxidative stress\[[@ref33]\] or suppression of mitochondrial division because of lowered protein synthesis,\[[@ref34]\] while dilated rER may be due to lipid peroxidation.\[[@ref35]\]

The hepatocellular injury was explained by two major mechanisms.\[[@ref36]\] The direct one involves direct cytotoxicity of the fatty acids on the hepatocytes as a result of excessive intracellular fatty acid accumulation, while the indirect mechanism involves cytotoxic effects of lipid peroxidation of fatty acids. Furthermore, oxidative stress is thought to be the main mechanism of hepatocellular injury as proved by many experimental studies.\[[@ref37]\] Sources of oxidative stress in NASH include cytochrome P450, peroxisomal-oxidation, mitochondrial dysfunction, and inflammatory cytokines.\[[@ref38]\]

The nuclear changes were attributed to mitochondrial dysfunction with subsequent decrease in oxidative phosphorylation that leads to decrease in cellular ATP. With prolonged depletion of ATP, structural disruption of protein synthetic apparatus occurs, and irreversible damage to mitochondrial and lysosomal membranes followed by cell necrosis.\[[@ref39]\] Nuclear vacuolation of some hepatocytes was also detected and was named by pathologists as glycogenated nuclei which may be due to accumulation of glycogen in the nuclei, and this is a common finding in liver biopsies with Wilson disease, diabetes, and NAFLD.\[[@ref28]\]

Previous studies\[[@ref40]\] reported that high-fat diet increased serum hepatic enzyme levels, alanine aminotransferase (ALT) and aspartate aminotransferase (AST). This increase was due to an increase in the production of free radicals that initiate lipid peroxidation. Cellular damage resulted from induction of cytochrome P-450 in the liver producing highly reactive trichloromethyl free radical. This in turn in the presence of oxygen generated by metabolic leakage from mitochondria causes lipid peroxidation of membrane leading to loss of integrity of cell membranes and damage of hepatic cells.

The present work showed significant increase in the collagen fibers deposition and numbers of hepatic stellate cells as was detected in Mallory\'s trichrome-stained sections and GFAP-stained sections, respectively. This was confirmed by electron microscopic examination in the form of presence of many HSCs and presence of bundles of collagen fibers between hepatocytes. These findings may be attributed to activation of HSCs that leads to fibrosis. There is a cross-link between liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells, healthy LSECs prevent activation of hepatic stellate cells, and inactivate the activated ones. Before hepatic fibrosis LSECs develop an altered phenotype called capillarization that lose the ability to prevent hepatic stellate cell activation and inactivate activated hepatic stellate cells.\[[@ref41]\] Moreover, in fatty liver, the transforming growth factor-beta (TGF-β) is elevated and correlated closely with collagen gene transcription and scar formation. HSCs are the major targets for TGF-β that exerts effects on them leading to their activation with concomitant extracellular matrix production.\[[@ref42]\]

Results of the present study revealed that feeding of rats on high-fat diet resulted in significant increase in serum levels of TC and TGs accompanied with a significant decrease in HDL-c level as compared to the control group. These results could be explained on the basis that feeding of rats with high-fat diet leads to an increase in cholesterol absorption and hence an increase in serum cholesterol and TGs.\[[@ref43]\] Hyperlipidemia may be also due to a decrease in catecholamine level which leads to low ß2-adrenergic receptor function and decrease lipolysis that help in decreasing fat catabolism and increasing the circulating lipid levels.\[[@ref44]\] The reduction in HDL cholesterol level in animals fed high-fat diet in the present study may be due to the decrease in the enzyme involved in the transesterification of cholesterol, the maturation of HDL, and the flux of cholesterol from cell membranes into HDL.\[[@ref45]\]

Hepatic stellate cells (HSCs) also known as perisinusoidal cells, lipocytes, fat-storing cells, or Ito cells. They are identifiable by prominent intracellular lipid droplets and by cytoplasmic filamentous material which form the basis for GFAP detection by immunohistochemistry. In comparison with the control group, fatty liver-induced group showed strong positive immune expression of HSC markers "GFAP." This result could be explained by the findings of some researchers\[[@ref32]\] who stated that GFAP expression in the liver is linked to liver fibrosis and inflammatory infiltration, as activated HSCs secreted cytokines that attracted inflammatory cells. Further, many researchers had been reported the activation of HSC may be closely related to the role of ROS and oxidative stress in stimulating the expression of proinflammatory and profibrotic molecules.\[[@ref46]\]

In the present work, it was observed that daily administration of pomegranate juice either with or before high-fat diet ameliorate the previous changes. These results agree with findings of other researchers.\[[@ref47]\] In this regard, it was reported that pomegranate juice had a protective effect against carbon tetrachloride-induced hepatic damage in rats,\[[@ref48]\] this effect could be attributed to the radical scavenging antioxidant constituents. The principal antioxidant polyphenols in pomegranate juice include the ellagitannins and anthocyanins which have been shown to be the antioxidant responsible for scavenging the free radicals.\[[@ref49]\] In addition, antioxidant effect of flavonoids that found in pomegranate enhanced the process of regeneration; this might be due to the destruction of free radicals, supplying a competitive substrate for unsaturated lipids in the membrane and/or accelerating the repair mechanism of damaged cell membrane.\[[@ref50]\]

The antioxidant activity of pomegranate components has been the subject of many studies.\[[@ref51]\] This activity was shown to be three times higher than that of red wine and green tea, based on the evaluation of the free radicals scavenging activity and iron reducing capacity of the pomegranate juice.\[[@ref49]\] Pomegranate juice was also shown to have significantly higher levels of antioxidants in comparison to commonly consumed fruit juices, such as grape, cranberry, grapefruit, or orange juice.\[[@ref52]\] Furthermore, pomegranate extract has also been shown to preserve the antioxidant enzymes catalase, glutathione peroxidase, and superoxide dismutase from the effects of toxic chemicals\[[@ref53][@ref54]\] whereas, other study\[[@ref55]\] reported that pretreatment with pomegranate flower extract for a week had a protective effect against ferric nitrilotriacetate-induced oxidative stress, as well as hepatic injury. This was due to an inhibition of AST and ALT enzymes which may be due to potent antioxidant and hepatoprotective properties of pomegranate. In addition, the ability of pomegranate extract to protect DNA and preventing chromosomal damage in mice was proved.\[[@ref56]\] Another study revealed that pomegranate flower-activated peroxisome proliferator-activated receptor that decreased cardiac uptake, circulated lipids, cardiac tissue triglyceride content, and plasma TC.\[[@ref57]\]

In this research, the treatment with pomegranate caused a detectable decrease of the collagen fibers; these effects could be related to its antioxidant, antifibrotic, and antiapoptotic properties.\[[@ref58]\] Pomegranate juice either with or before high-fat diet can protect against developing changes caused by high-fat diet and reduce risk for development of NAFLD. These findings agree with many studies in recent years that demonstrated a correlation between the role of pomegranate peel extract and juice in regulating vital cellular functions, including cell proliferation and differentiation and its potent antioxidant activity and free radical scavenging capability.\[[@ref59]\]

C[ONCLUSION]{.smallcaps} {#sec1-5}
========================

The present study concluded that pomegranate juice has a protective role against developing nonalcoholic fatty liver and improving the lipid profile. Therefore, drinking pomegranate juice has a protective role against develoore, drinking pomegranate juice may be beneficial for persons having risk factors of developing fatty liver or hypercholesterolemia.

Financial support and sponsorship {#sec2-14}
---------------------------------

Nil.

Conflicts of interest {#sec2-15}
---------------------

There are no conflicts of interest.
